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ABSTRACT

Laboratory tests were conducted to determine if Aliquat, a
quaternary ammonium chloride compound, could be used to change the
physical properties of Putnam silt loam.

The effects of adding vary

ing amounts of Aliquat to the soil were measured in terms of the re
sults of Atterberg limits tests, the moisture-density relationship,
unconfined and triaxial compressive strength, and capillary adsorp
tion characteristics.

A small change in the Atterberg limits, the

optimum moisture content, and the maximum dry density was noted.
An increase in the unconfined compressive strength and a reduction
in the moisture adsorption potential was accomplished by the addi
tion of 0.25 and 0.5 per cent Aliquat.

The workability of Putnam

soil was noticeably improved by the addition of relatively small
percentages of Aliquat.
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I.

INTRODUCTION

High energy clay soils often present one of the most difficult
problems encountered in highway construction and maintenance.

The

term "high energy" refers to the high surface charge potential of the
clay particles.

Clay soils in this group are characterized by a high

plasticity index, high degree of swell and shrinkage, high dry strength
and low wet strength.

These moisture sensitive soils are not suitable

for use as subgrade material for either bituminous or concrete pave
ments.

Bituminous pavements are designed to carry loads by distribut

ing the stress through the base course and subgrade.

Intrusion of

water into a high energy clay soil will result in a reduction of the
shear strength of the subgrade soil and an ultimate failure of the
pavement.

Concrete pavements are considered to act as beams on an

elastic foundation with a uniform distribution of subgrade reaction.
The unit stress transmitted to the subgrade is low but the subgrade
must provide continuous support for the concrete.

Loss of continuity

in the subgrade through differential swell or pumping action will re
sult in a high concentration of stress in the concrete and thereby
cause failure of the pavement.

Because of the high volume change and

loss of stability with an increase in moisture, high energy clay soils
must be covered with a considerable depth of stable, nonexpansive ma
terial when used as subgrade for pavements.
In areas where the supply of nonexpansive borrow material is lim
ited, it may be necessary to use the existing soils for the subgrade
of the pavement.

The performance of high energy clays often can be
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improved by chemical alteration of the clay at the subgrade elevation.
Such a chemical alteration is called stabilization because of the de
sirable changes that occur in the physical properties of the treated
soil.
Putnam silt loam is typical of the high energy clay soils found
extensively in North Central Missouri.
sion describes it in this manner:

The Missouri Highway Commis

"Putnam is one of the poorest soils

commonly encountered in Missouri highway construction. . . .

The Put

nam subsoil, especially Horizon B, is notorious for it's volume change,
which averages at least 60 per cent and often runs as high as 75 per
cent."^’

In the areas where Putnam soil predominates, suit

able fill material is not readily available.

As a result, chemical

stabilization of the existing soil may be the most economical solu
tion to construction and maintenance problems.
Extensive research has been conducted using chemicals to stabi
lize high energy clay soils in general, and Putnam silt loam, in par
ticular.

Lime and lime-cement mixtures have been successful in im

proving the engineering properties of many of these soils.

The use

of cement alone has not been very successful because of the large
quantities required to coat the large surface area of the fine grained
particles and the difficulty of obtaining thorough mixing of the
plastic soil and cement.
In 1941, Winterkorn and Moorman experimented with the use of
large inorganic cations to stabilize high energy clay soils.

(2 )

More

recently, research has been conducted at Iowa State University and
Texas A&M College using the large organic cations in quaternary

3

ammonium chloride compounds to stabilize various clay soils.

(3

*

4)
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The treatment of clay soils with large cations resulted in a reduction
in the plastic index, increased wet strength, and reduced moisture ad
sorption.

The results of this research indicate

the possibility of

successful stabilization of Putnam soil using chemical compounds con
taining large cations.
A quaternary ammonium chloride compound, Aliquat,* which is known
to contain large organic cations, was selected as the stabilizing agent
to be used in laboratory experiments conducted for the purpose of meas
uring the change in the physical properties of Putnam soil.

The re

sults of Atterberg tests were used to measure the effects of the Ali
quat treatment on the plasticity index and shrinkage limits of the
soil.

Moisture-density tests were made to determine the optimum

moisture content and maximum dry density of the untreated soil and
soil treated with varying percentages of Aliquat.

The triaxial com

pression test was used to determine if changes in cohesion and fric
tion could be noted.

The unconfined compressive strength of treated

and untreated soil at optimum moisture content was measured. The
waterproofing characteristics of Aliquat was evaluated by means of
an adsorption test.

*Trade Mark of General Mills, Inc.

4

II.

REVIEW OF LITERATURE

Putnam soil is classified as Soil Group A-7-6 according to the
soil classification system used by the American Association of State
Highway Officials.

The soils in this group are described as having

a high degree of compressibility, expansion and shrinkage, and low
stability under adverse moisture conditions.^’
Winterkorn and Moorman, in their study of the changes in physi
cal properties of Putnam soil resulting from cation exchange reached
the following conclusions:

"(1) The engineering properties of a soil

can be radically altered through change of absorbed ions.

(2) The

physical properties of a cohesive soil are dependent upon the structure
and character of the water films surrounding the solid soil constitu(2

ents."

9

433)

By treating high energy clay soils with chemical

compounds containing large organic cations, it is possible to alter
the adsorbed ionic structure of the clay particles and the character
of the water film surrounding the clay particles, thereby improving
the engineering properties of the soil.
In order to describe the reactions that occur when large organic
cations are introduced into the soil, it is necessary to understand
the ionic structure of the clay particles and the structure of the
soil system.

The predominant clay particles in Putnam soil are of
/g\

the montmorilIonite clay family.

'

The montmorilIonite clay particle

is a sheetlike unit, each unit is composed of two disilicate tetrahe
dral layers and one octahedral sheet called the Gibsite l a y e r . ^
The typical lattice structure of a montmorilIonite particle is shown

5

in Figure 1.

Cation substitutions may occur in both the tetrahedral

and octahedral positions.

Potassium or alumina ions may replace silica

ions in the tetrahedral positions and combinations of alumina, magne
sium, and iron ions may be found in the octahedral positions.
Grim, in his description of montmorillonite, states:

"Of great

importance is the fact that there are always replacements within the
structure, and that they always produce a net positive change defi
ciency.

This deficiency is balanced by adsorbed cations which are

held on the outside of the sheets, and in general, are readily ex
changeable."^7, p The predominate cations adsorbed on the basal surface of mont
morillonite clay are sodium and calcium.

Both are hydrophillic in

nature and will attract water to their surface causing an increase in
their size.

Sodium will increase in size about 800 per cent when all

of its attraction for water is satisfied.

Water, because of it's

ability to act as a dipole in the presence of a charge potential,
is also attracted to the basal surface of the clay mineral.

The

build up of hydrophillic cations and water on the surface of the
clay particles will cause an increase in the inter-par t i d e spacing
and an expansion of the soil system if unchecked by confining pres
sures.

The subsequent loss of moisture will result in shrinkage of

the soil system.
The high charge potential on the basal surface of the clay parti
cles influences the orientation of the particles relative to each
other.

The strong replusion forces on the surface of high energy

clay particles cause the particles to seek a position of maximum

6

Disilicate
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FIGURE 1.

TYPICAL LATTICE STRUCTURE OF MONTMORILLONITE CLAY MINERAL
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distance between basal surfaces.

This preferred orientation is re

ferred to as the deflocculant or dispersed structure and is illustrated
in Figure 2a.

The repulsion forces of a low energy clay are weaker than

the forces of attraction and the clay particles tend to approach a pre
ferred orientation of particle to particle contact called the flocculant
structure.

An idealized flocculant structure is depicted in Figure 2b.

The degree to which a soil system attains this preferred structure is
dependent upon the surface energy of the soil constituents, the mois
ture content of the system and the stresses to which the soil system
has been subjected.

Under conditions of high compressive stress, a

soil system at any energy level will tend to assume a dispersed struc
ture .
The physical properties associated with the flocculated and dis
persed structure are listed below.
DISPERSED

FLOCCULATED

Increased

PLASTICITY

Decreased

Increased

COHESION

Decreased

Decreased

FRICTION

Increased

Increased

DENSITY

Decreased

Increased

SHRINKAGE

Decreased

The relative compressive strength of the two structures depends
upon the moisture content.

Grossi and Woolsey, in their work on Put

nam soil treated with a flocculating agent, found that the compressive
strength of the untreated soil and the treated soil was about equal
at moisture contents below 15 per cent.

Hie compressive strength of

the untreated soil decreased rapidly, above this moisture content,

8

a.

Deflocculant (Dispersed) Structure

b.
FIGURE 2.

Flocculant Structure
IDEALIZED SOIL STRUCTURES
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while the compressive strength of the treated soil remained nearly
„ _ ( 8)
constant.
The effect of the adsorption of large organic cations on the
basal surfaces of clay particles has been investigated by numerous
engineers and soil scientists.^’

^

Hoover and Davidson, r e 

porting the results of the use of quaternary ammonium chloride to
stabilize Wisconsin loess, state, "When incorporated in amounts less
than the cation base exchange capacity, organic cations are adsorbed
rather completely to the clay surfaces of the soil in cation exchange
reactions replacing smaller inorganic cations that are present.” ^ ’ P* 10)
The organic cations have in their structure one or more hydrophobic
radicals.

The cations are adsorbed on the clay surfaces oriented in a

manner which exposes the hydrophobic radical away from the clay sur
face.

The hydrophillic portion of the cation satisfies the charge de

ficiency of the clay particle and the hydrophobic radical prevents
water from reaching the surface of the clay particle.

Thus the or 

ganic cations reduce energy potential of the particles and waterproof
them.

Under favorable stress conditions, the reduction in surface

energy will allow the particles to approach the preferred or floc
culant orientation with the accompanying improvements in physical
properties.
Aliquat H226 is a trade name for dihydrogenated tallow, dimethyl
ammonium chloride, a quaternary ammonium chloride.
for quaternary ammonium chloride is:

The general formula

10

CHq

I
R - N - CHo
I
R
The "R" represents a fatty alkyl group having 16-18 carbon atoms.
The cations in quaternary ammonium chloride are described as retain
ing their surface activity at either high or low pH and not being precipitated by calcium or magnesium hardness in water.

(3)

The results of numerous investigations using large organic cations
to stabilize high energy clay soils tend to prove the theory of cation
substitution.

The organic cations waterproof the clay particles which

reduces the moisture adsorption and increases the wet strength of the
soil.

The degree of stabilization achieved depends upon the charac

teristics of the soil treated and the amount of cations available for
cation exchange reactions.
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III.

A.

PROCEDURES AND RESULTS

SOIL
The soil used in this investigation was obtained from a road

cut located on County Route NN, 5 miles west of Mexico, Missouri in
Audrain County.

The soil was taken from the B horizon, 2 to 3 feet

below ground surface.

Die entire sample was air dried and pulverized

until it passed the number 10 U . S. Standard sieve and then was stored
in covered bins until used.
B.

PREPARATION OF ALIQUAT
Aliquat H226 is supplied as 75 per cent active material dispersed

in isopropanol and has the consistency and appearance of soft soap.
The Aliquat used in all tests was prepared by mixing with water in 5
and 20 per cent active material solutions.

The water was heated to

140°F and mixed with Aliquat by means of an electric mixer until the
odor of the isopropanol could no longer be detected.

The solution was

then stored in sealed jars until used.
C.

SPECIAL EQUIPMENT
The Harvard Miniature Compaction Apparatus was used to prepare

all samples for the moisture-density studies, unconfined and triaxial
compression tests, and capillary adsorption observations.

The advant

ages which this apparatus has over Standard Proctor or Modified AASHO
compaction apparatus are reduction in the amount of soil required and
amount of time required to prepare soil samples.
The compaction mold has a 1-5/16 inch inside diameter and is 2.816
inches long.

The volume of the mold is exactly 1/454 cubic feet.

Dius,

12

the net weight of a compacted sample in grams is numerically equal to
the unit weight in pounds per cubic feet.

The tamper used for compact

ing the samples consists of a \ inch brass rod coupled with a pre
stressed spring.

The compactive effort is controlled by changing

either the stress in the spring or the duration of time over which
the force is applied to the soil being compacted.
The compaction obtained by the use of the Harvard Miniature A p 
paratus is a kneading action similar to that produced by a sheepsfoot
roller.
D.

GENERAL TEST PROCEDURES
When preparing soil samples with Aliquat, a predetermined quantity

of the Aliquat solution was mixed with the weight of water required for
the desired moisture content and this mixture was added to the soil.
The soil and Aliquat solution were hand-mixed and then placed in sealed
jars for 24 hours to permit uniform redistribution of water before use.
Untreated soil was hand-mixed with the desired amount of water and
placed in sealed jars for 24 hours for the same reason.

All Aliquat

contents are expressed in terms of active Aliquat as a percentage of
the weight of dry soil.
E.

FLOCCULATION TEST

1.

Procedure.
An experiment was conducted to confirm the flocculating action of

Aliquat on Putnam soil.

Sixty-five grams of soil passing a number 10

U. S. Standard sieve was mixed with 950 grams of water.

Aliquat con

tents of 0.25, 0.5, 1.0, and 3.0 per cent were added to the soil-water
mixtures and placed in 1000 ml hydrometer jars.
soil in the jars was observed.

The behavior of the

13

2.

Results.
The condition of the solution was observed about two minutes after

sedimentation.

In the untreated sample, initial sedimentation of the

large grain particles occurred immediately with very little increase
being observed during the next 24 hours.

The 0.25 and 0.5 per cent

Aliquat treated samples showed a slightly larger degree of sedimenta
tion during the first hour with little change during the remainder of
a 24 hour period.

More positive results were observed in the 1.0 and

3.0 per cent Aliquat treated samples.

Complete sedimentation of 3.0

per cent Aliquat treated sample occurred within 10 minutes with the
exception of a small amount of soil which remained on the surface
of the solution.

The liquid above the settled soil mass was clear.

Quantitative evaluation of the sedimentation rate was not made due
to the difference in the specific gravities of the water and the
water-Aliquat mixtures.

Hie test did demonstrate that Aliquat acts

as a flocculating agent.
F.

ATTERBERG LIMITS TESTS

1.

Procedures.
Liquid limit, plastic limit, and shrinkage limit tests were con

ducted on untreated soil and soil treated with 0.25, 0.5, 1.0 and 3.0
per cent Aliquat.
The liquid limit tests were conducted in accordance with ASTM
method D423-61T, with the following e x c e ption.^®’

instead

of adding water to increase the moisture content during the test, the
soil was prepared at a moisture content higher than the liquid limit
and was allowed to dry as the test progressed.

This procedure was
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followed,because it was very difficult to obtain a uniform redistri
bution of moisture after adding water to both the untreated and
treated soil samples.

More consistent results were obtained by re 

ducing the moisture by constant mixing and drying during the test.
This modification of the liquid limit test is used by the U. S. Army
Corps of Engineers.
The plastic limit tests were conducted in accordance with the
standards of ASTM D 2 2 4 - 5 9 . ^ ^ 5 P ’
The shrinkage limit tests were conducted in accordance with the
standards of ASTM D 4 2 7 - 6 l / 10, P * 1297^
2.

Results.
A summary of the results of the Atterberg Limits tests is shown

below.
% ALIQUAT
ADDED TO SOIL

LIQUID
LIMIT %

PLASTIC
LIMIT %

PLASTIC
INDEX %

SHRINKAGE
LIMIT %

UNTREATED

59

24.5

34.5

12

0.25% ALIQUAT

60

26

34

14

0.5% ALIQUAT

58

26

32

14

1.0% ALIQUAT

58

28

30

12

3.0% ALIQUAT

63

34

29
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In all cases, an increase in the amount of Aliquat added to the
soil reduced the plastic index.

Such a decrease is characteristic of

chemically stabilized soils.
The results of the liquid limit tests do not follow any trend.
Difficulty was encountered in obtaining consistent results for liquid
limit tests, because of the rapid rate at which the treated samples
dried as the water content passed below the liquid limit.
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Hie results of the shrinkage limit tests were erratic and varied
within a small range as the amount of Aliquat varied.

There is no ap

parent explanation for the reduction of the shrinkage limit for the 1.0
per cent Aliquat tests.
G.

MOISTURE-DENSITY TESTS

1.

Procedure.
The moisture-density tests were conducted on untreated Putnam

soil and Putnam soil treated with 0.25, 0.5, 1.0 and 3.0 per cent
Aliquat.

Soil samples passing a number 10 U. S. Standard sieve

were prepared for each moisture and Aliquat content and were allowed
to cure 24 hours before compaction.

The soil samples were compacted

using the Harvard Miniature Compaction Apparatus.

The test specimens

were compacted in 3 layers with 25 load applications per layer using
a 40 pound spring tension.
2.

Results.
Hie average results of the moisture-density tests are shown be 

low.
PER CENT ALIQUAT ADDED TO SOIL

0

0.25

0.5

1.0

3.0

Optimum Moisture Content*

26

24.5

25

25

26

Maximum Dry Density**

96

96

94.5

94.5

91.5

*Per Cent
**Pounds per Cubic Feet
The curves obtained using the Harvard Miniature Compaction Apparatus
are similar to curves obtained using the Standard Proctor procedure.
The optimum moisture content was within 2 per cent and the maximum
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dry density was within 8 lbs. per cu. ft. of values obtained by
Winterkorn and Moorman using the Standard Proctor method of compactm g Putnam soil.

(2)

about 1 per cent.

. . .
The variation m

optimum moisture content was

A general decrease in maximum dry density was noted

with a difference of 4.5 lbs. per cu. ft. between the untreated soil
and 3.0 per cent Aliquat treated soil.
During the compaction of untreated samples great care had to be
exercised to insure proper compaction of the top layer.

Many samples,

especially those at moisture contents above 23 per cent, were discarded
because of non-uniform compaction, i.e., holes punched in the top
layer.

Less difficulty was experienced with samples treated with A li

quat, because of the improve friability and more uniform mix.
H.

UNCONFINED COMPRESSION TESTS

I.

Procedure.
Unconfined compression tests were conducted on treated and u n 

treated soil samples compacted at optimum moisture content and to the
maximum dry density in the Harvard Miniature Compaction Apparatus.
The treated samples were prepared at Aliquat contents of 0.25, o.5,
1.0 and 3.0 per cent.

The test equipment was a standard compression

test unit with the load applied at a uniform rate of .05 inches per
minute.
2.

Results.
The relationship between unconfined compressive strength and Ali

quat content is shown in Figure 3.

An increase of 44 per cent in the

unconfined strength was achieved by the addition of both 0.25 and 0.5
per cent Aliquat to the untreated soil.

Unconfined Compressive Strength

FIGURE 3.

UNCONFINED COMPRESSIVE STRENGTH OF TREATED AND UNTREATED PUTNAM SOIL
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I.

TRIAXIAL COMPRESSION TESTS

1.

Procedure.
An attempt was made to determine the effect of Aliquat treatment

on cohesion and friction by means of undrained triaxial compression
tests.

Two separate series of tests were conducted using untreated

soil and soil treated with Aliquat contents of 0.25, 0.5,
per cent.

1.0 and 3.0

Preliminary tests indicated that the failure envelope o b 

tained for a wide range of confining pressures, 0 to 80 psi, was n o n 
linear and comparison of cohesion and friction for untreated and
treated samples was not possible.

For confining pressures above 20

psi the failure envelope tended to become linear.

Confining pressures

of 25, 50, and 75 psi were selected for the final series of tests.
All samples were compacted in the Harvard Miniature Compaction A p 
paratus at a moisture content of 25 per cent (+%).

The axial load

was applied at a constant rate of .05 inch per minute.
2.

Results.
The maximum deviator stress , ^ “ ^3 » for each test was obtained

from a plot of deviator stress versus per cent axial strain,

L/Lq .

When a maximum deviator stress was not reached before a strain of 20
per cent was reached,
taken as the maximum.

the deviator stress at 20 per cent strain was
A series of Mohr's stress circles were plotted

for each percentage of Aliquat additive.

These curves are shown in

Figures 4 and 5.
Within the accuracy permitted by the testing method and equipment,
no significant difference in cohesion and friction can be observed for
the treated and untreated soil#

The failure envelopes for both types of

Shear Stress, psi

Shear Stress, psi

Shear Stress, psi
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FIGURE 4.

MOHR'S STRESS DIAGRAMS

Shear Stress, psi

Shear Stress, psi

Shear Stress, psi

20

FIGURE 5.

MOHR'S STRESS DIAGRAMS
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soil were linear within the range of the confining pressures used in
the final series of tests.
J.

CAPILLARY ADSORPTION TESTS

1.

Procedure.
A simple test was devised to compare the capillary adsorption

qualities of untreated and treated Putnam soil.

Samples of untreated

soil and soil treated with 0.5 per cent Aliquat were compacted at 15
per cent and at optimum moisture contents.

Half of the samples of un 

treated and treated soil prepared at optimum moisture content were al
lowed to air dry back 5 to 7 per cent.

Treated and untreated soils at

15 per cent moisture content were mixed with 4 per cent MC-0, asphalt
cut back and compacted in the Harvard Miniature Apparatus.
were then placed in an improvised adsorption chamber.

The samples

The chamber was

constructed by placing adsorption paper on top of porous stones in a
covered glass jar.

The water level was maintained at approximately

1/8 inch below the base of the samples.

Hie samples were weighed at

25 and 48 hour intervals and the gain in moisture content was recorded.
2.

Results.
After 24 hours the untreated samples prepared at 15 per cent

moisture content reached a consistency at which they could not be
handled without crumbling, and only one weighing was possible.

The

untreated samples had increased 15 per cent in moisture content and
had a vertical swell of 12 per cent while the treated samples had a 0.75
per cent gain in moisture content with a vertical swell of 3.5 per cent.
Hie results of the samples prepared at 15 per cent and optimum moisture
contents are shown in Figure 6 .

Hie untreated samples gained 4.5 per

Moisture Content, Per Cent

N>
K>
FIGURE 6.

CAPILLARY ADSORPTION OF TREATED AND UNTREATED PUTNAM SOIL

23

cent in moisture content during a 7 day period while the treated
samples gained less than two per cent moisture content.
back samples showed a greater variation.

The dried -

The untreated dried-back

samples showed a gain of about 6.5 per cent in moisture content while
the treated dried-back samples showed a gain of about 2.25 per cent
in moisture content (Figure 7).
A quantitative comparison of the untreated and treated soil pre
pared with MC-0 asphalt cut back was not possible due to the loss in
soil during handling.

Visual observations made during the test showed

that the untreated samples had more horizontal swell at the base and
lost more soil during handling than the treated samples.
In all cases, the untreated soil adsorbed more moisture than the
treated samples for the same period of time.

The numerical amounts

tend to be conservative because of loss of soil from the samples dur
ing handling.
Generally, the treated samples remained more cohesive and lost
less soil during handling than the untreated samples.

No attempt was

made to correct the weight of the samples due to loss of soil.

K>
4>

Moisture Content, Per Cent
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IV.

DISCUSSION

The most important variable affecting the physical and mechani
cal properties of plastic soil probably is the moisture content.
The results of several tests performed in the course of this investi
gation are reported in terms of moisture content.

Other tests, such

as the Proctor density tests and shear strength determinations, are
noticeably affected by changes in water content.

It can be concluded

that, if a significant change took place in the surface energy char
acteristics 'due to cation exchange,a change would be measured in most
of the tests.

Also,if only small changes are recorded in the results

of one series of tests, the results of other tests may not be altered
appreciably.
The tests performed as part of this investigation were selected
so that several different physical properties would be measured.
Among these properties were the Atterberg limits, moisture-density
relations, shear strength and moisture adsorption.

In general, it

was found that the treatment of Putnam soil with Aliquat had only
limited effects on the physical properties of the soil.
An increase in the amount of Aliquat added to the soil decreased
the plastic index and increased the shrinkage limit.

Lowering of the

plastic index was accomplished chiefly by increases in the plastic
limit.

The results of liquid limit tests were erratic in nature and

no definite trend was able to be established.

The fact that no sig

nificant change was noted in the liquid limit suggests that Aliquat
has no appreciable effect on Putnam soil when mixed at moisture con
tents near the liquid limit of the natural soil.

26

The effects of Aliquat treatment on the maximum dry density
closely paralleled the effects observed during the flocculation
test.

Treatment of Putnam soil with 3.0 per cent Aliquat resulted

in rapid and almost complete sedimentation in 10 minutes.

Treat

ment with 0.25 and 0.5 per cent Aliquat produced a much less degree
of flocculation.

The only significant change in the maximum dry

density was found in soil treated with 3.0 per cent Aliquat.

The

reduction of maximum dry density can be expected when a soil changes
from a dispersed structure to a flocculant structure.

The flocculat

ing action of small amounts of Aliquat (below 1 per cent) is not
strong enough to resist the change toward a dispersed structure with
the application of a compactive effort.
The unconfined compressive strength of Putnam soil was increased
by the Aliquat treatment.

The gradual reduction in the unconfined

strength at Aliquat contents above 0.5 per cent suggests that there
is an optimum Aliquat content for maximum unconfined compressive
strength.

The magnitude of the increase in strength is not very

significant from an engineering viewpoint.

The shear strength of

Putnam soil was increased from .07 tons per square foot to 1.4 tons
per square foot.

These values are conservative due to the limita

tions of the unconfined test.

The unconfined compression test does

not measure the strength of the soil due to friction.

Although

Putnam is a cohesive soil, the triaxial tests indicated that Putnam
soil does have an angle of friction, and at Aliquat percentages of
0.25 and 0.5 this angle of friction increased.
cannot be measured but a trend can be noted.

The exact increase
The effects of pore
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pressure cannot be accurately measured in the undrained triaxial test
on unsaturated soils.

The size of the samples in triaxial tests used

and the impermeability of cohesive soils do not permit the dissipation
of hydrostatic pressures which build up during the application of the
axial load.

The results of triaxial compression tests on unsaturated,

cohesive soils must be evaluated as trends and not exact quantitative
values.
The capillary adsorption tests produced the most positive effects
on the physical properties of Putnam soil.

Over a range of initial

moisture contents of 15 to 26 per cent, soil treated with 0.5 per
cent did not increase more than 2.5 per cent in moisture.

Untreated

soil at the same range of initial moisture contents increased from
5 to 15 per cent in moisture content.

The large organic cations re 

duced the soils attraction for water regardless of the initial mois
ture content.

The moisture adsorption of the untreated soil was a

function of the initial moisture content.

The waterproofing ability

of Aliquat was further demonstrated by observation of the physical
appearance of the soil during mixing with water.

The untreated soil

"balled up" when mixed at moisture contents above 20 per cent and it
was difficult to obtain a homogeneous mixture.

Soil treated with 0.25

per cent Aliquat remained friable at moisture contents of 28 per cent.
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V.

CONCLUSIONS

The object of this study was to determine if the treatment of
Putnam silt loam with Aliquat would change the physical properties
of the soil.

The action of Aliquat on the physical properties of

the soil was evaluated in terms of Atterberg limits, moisturedensity relationships, unconfined and triaxial compressive strength,
and capillary adsorption.

The results of the tests performed and

the observations made suggest the following conclusions.
(1)

The addition of Aliquat had limited effects on the plas

ticity index and the shrinkage limit.
(2)

Increasing amounts of Aliquat lowered the maximum dry

density slightly with corresponding little change in the optimum
moisture content.
(3)

The unconfined compressive strength of Putnam soil at

optimum moisture content was increased by the addition of Aliquat,
reaching an optimum between 0.25 and 0.5 per cent additive.

No

significant change in cohesion and friction was noted.
(4)

Aliquat acts as a waterproofing agent in reducing the

amount of capillary moisture adsorption in Putnam soil.
(5)

The addition of Aliquat improved the workability of Putnam

soil greatly, especially at moisture contents above 20 per cent.
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